Abstract Chemical heterogeneities of pumice clasts in an ash-flow sheet can be used to determine processes that occur in the magma chamber because they represent samples of magma that were erupted at the same time.
Introduction
This paper is part of a regional study of silicic volcanic deposits in Costa Rica. It addresses the problem of the origin of silicic magmas in arc settings, where continental crust is absent. In most of these arc settings, abundant silicic magmas are not common. In Costa Rica, the volcanic products are chemically bimodal. One population consists mainly of calc-alkaline basalts and andesitic flows with subordinate pyroclastic rocks. The other consists of voluminous silicic ash-flow sheets (ignimbrites) and air-fall deposits of dacitic to rhyolitic composition. Geochemical analyses of lavas and rare fallout deposits from the Quaternary Central American volcanic arc have been described in numerous review papers in the last two decades (cf. Kussmaul and Sprechmann 1982; Kussmaul 1988; Carr et al. 1990; Rose et al. 1999; Patino et al. 2000) . However, we know little about the geochemistry and age of the ash-flow sheets (Pushkar and McBirney 1968; Hahn et al.1979; Drexler et al. 1980; Rose et al. 1981; Alvarado et al. 1992; Rose et al. 1999) . Costa Rica is of particular importance because these ash-flow sheets represent an unusual abundance of silicic volcanism in a setting that contains no continental crust.
A widely accepted model for the origin of silicic magmas in calc-alkaline arc settings is fractional crystallization of basalt or basaltic andesite melts (for example, see: Sisson and Grove 1993; Feely and Davidson 1994; Brophy et al. 1999; Hildreth and Fierstein 2000 ). An alternate model to explain the origin of potassium-rich silicic magmas in evolved arcs is the partial melting of previously emplaced arc-related igneous rocks (Roberts and Clemens 1993).
A major difficulty inherent to any fractional crystallization model in shallow reservoirs is the amount of fractionation required. Fractional crystallization of basaltic melts to produce high-silica melts would result in abundant cumulate rocks, which are not observed in these environments. In fact, in areas where the roots of silicic volcanic systems are exposed (for example, the Cordillera de Talamanca in southeastern Costa Rica, cumulate rocks are rare. Brophy et al. (1999) have recently suggested a model that may explain the scarce nature of the cumulate rocks and thus support the fractional crystallization model. They propose that the calc-alkaline series originated by fractionation near the crust-mantle boundary and, if this were the case, cumulate rocks would not be exposed. The base of the thickened Costa Rican crust could serve as an ideal density trap for magmas to pond.
The Tiribí Tuff in the Valley Central (Perez 2000 ; see below) is an example of silicic volcanism in Costa Rica (Figs. 1 and 2). It was selected for this study because it is a well-exposed, relatively large (see below) deposit that consists of two main ash-flow units (Perez 2000) , and is chemically heterogeneous. Pumice clasts in the dominant, upper ash-flow sheet of this tuff belong to two distinct chemical groups (excluding mingled pumice clasts): one with 55.1-65.6 wt% SiO 2 and the other with 66.2-69.2 wt% SiO 2 . The Tiribí Tuff, like all chemically heterogeneous ash-flow sheets, is ideal for evaluating magma evolution models because it represents instantaneous partial evacuation of the magma chamber. The chemical heterogeneities that were present in the magma body are preserved in the ash-flow sheet.
The origins of chemical heterogeneities in ash-flow sheets have been attributed to two major processes. The first, and widely accepted process involves large-scale differentiation of an originally homogeneous magma body (cf. Mittlefehltd and Miller 1983; Baker and McBirney 1985; McBirney and Nielson 1986; de Silva and Wolff 1995) . The second involves discrete magma batches that are generated by partial melting and melt extraction, which are emplaced in a magma chamber. These processes were discussed by Marsh (1984) , expanded upon by Bergantz (1989) and Sawyer (1994) , Fig. 1 Geologic map of Costa Rica showing stratovolcanoes and andesitic shield volcanoes of the modern arc, Guanacaste ash-flow tuffs, Tiribí Tuff, and ophiolites and related rocks. Also shown are the volcanoes in the Cordillera Central. Based on the map of Tournon and Alvarado (1997) and amplified further by Eichelberger and co-workers (Eichelberger and Izbekov 2000; Eichelberger et al. 2000) . There is petrologic evidence, reviewed in Mills et al. (1997) and Eichelberger et al. (2000) , that many magma bodies may have had distinct compositional groups that cannot be related by crystal fractionation from a homogeneous magma body. Chemically distinct magma batches that are unrelated by fractionation can result from melting and extraction processes (Sawyer 1994) . Crystal fractionation, assimilation, and magma mixing can subsequently modify these magma batches before they are emplaced in a high-level chamber. Eichelberger et al. (2000) have suggested that many of these magma bodies were never stratified, but instead resulted from intrusion of a discrete magma body into another magma body. Eichelberger et al. (2000) have suggested two possible scenarios: the first is if a mafic magma intrudes a more silicic magma, an effusive eruption is common; the second is if a silicic magma intrudes a mafic magma body, a pyroclastic eruption is common. In the first scenario, the underplating of a silicic magma body by mafic magma has been widely documented (cf. Wiebe 1994; Coleman et al. 1995; Metcalf et al. 1995) . In the second scenario, silicic magma is emplaced in a stored mafic body and, because of its buoyancy, rises rapidly through the mafic layer, retaining its integrity.
Workers have invoked models ranging from fractional crystallization of basaltic andesite to melting of previously emplaced island arc plutons to explain silicic rocks in an island-arc setting (cf. Roberts and Clemens 1993; Sisson and Grove 1993; Feely and Davidson 1994; Borg and Clynne 1998) . We use these studies as a framework to evaluate the origin of the silicic and mafic magma compositions that occur in ash-flow sheets of the Tiribí Tuff of the Valle Central in Costa Rica.
Geological setting
The volcanic arc in Costa Rica developed as a result of subduction of the Cocos plate under the Caribbean plate (e.g., DeMets et al. 1990 ; Fig. 1 ). In Costa Rica, subduction-related volcanism has been present at least since the Upper Cretaceous, but more extensive volcanism developed between the Oligocene and Quaternary. Quaternary volcanic rocks are calc-alkaline (basalt to rhyolite trend) with some island-arc tholeiites (cf. Alvarado and Carr 1993; Tournon and Alvarado 1997) . Alkaline volcanic rocks also occur, especially in the back arc (Tournon 1984) . Costa Rica is underlain by an over-thickened crust that is approximately 40 km thick (Sallarès et al. 2001a (Sallarès et al. , 2001b . Recent studies suggest that the Costa Rican lithosphere represents an oceanic plateau (Bowland and Rosencrantz 1988; Gursky 1988; Donnelly 1994; Alvarado et al. 1997; Sinton et al. 1997; Christeson et al. 1999; Hauff et al. 2000) . Hauff et al. (2000) concluded that this crust is part of the Caribbean Large Igneous Province, which has been involved with subduction-related volcanism in its western margin since the Middle to Late Cretaceous. Others have suggested that Costa Rica represents the remnant of a Jurassic island arc that originated independently of the Caribbean plateau and was accreted onto its western margin (Wildberg 1984; Frisch et al. 1992) . However, recent 40 Ar/ 39 Ar results have cast doubts on this idea . The origin of the Costa Rican crust is still a 119 Fig. 2 Map showing the distribution of the Tiribí Tuff and the location of the Barva Caldera. Identified on the map is the Tiribí Tuff as river channel fill, and the ash-flow sheet based on drill cores. The topographic highs, where the Tiribí Tuff does not occur, are also shown matter of debate. However, regardless of its origin, this crust is not of continental origin; instead, it is composed of mafic meta-igneous rocks and some "anorthositegabbro" cumulates (Sachs and Alvarado 1996; Cigolini 1998) .
The Tiribí Tuff outcrops mainly in the Valle Central, which is a volcanic-sedimentary basin between the Cordillera de Tilarán to the north and the Cordillera Central to the east, and along the Río Grande near the Pacific coast ( Figs. 1 and 2 ). There are five large volcanoes in the Cordillera Central: Platanar (dormant), Poás (active), Barva (dormant), Irazú (active), and Turrialba (active). South of these volcanoes, the shallow subduction of the Cocos Ridge prevents further volcanism (Alvarado et al. 1992 ).
The Tiribí Tuff of Valle Central, Costa Rica
The Tiribí Tuff is dominated by ignimbrites and is one of the most important pyroclastic units in the central part of Costa Rica. Very little was known before 1999 about the stratigraphy, volcanology, and petrology of the Tiribí Tuff. Dengo and Chaverri (1951) and Williams (1952) published the first work describing the overall geology of the Valle Central, and they identified the pyroclastic origin of the rocks that are sandwiched between lava flows of the Colima and Barva Formations. In their distal parts, these rocks overlie Tertiary rocks. Previous workers used various terms for the gray tuff: "Glowing avalanche deposits" (Williams 1952) , "Tiribí Formation" (Echandi 1981) , and "Avalancha Ardiente Formation" (Kussmaul and Sprechmann 1982) . In this paper we call this unit the Tiribí Tuff. This tuff can be traced from the foot of the volcanoes in the Cordillera Central to at least 75 km to the west near the Pacific coast (Fig. 2) . In this transect, along the Río Grande near the Pacific coast, it was named Orotina Formation by Madrigal (1970) . Perez (2000) described the stratigraphy, distribution, and source areas of these ignimbrites. She included the Orotina Formation, which was deposited in canyon and meandering channels, as part of the distal portion of the Tiribí Tuff. In addition, Marshall and Idleman (1999) and Gans (2000, personal communication) have dated the Tiribí Tuff in the Central Valley at 0.331±0.010 Ma and, at the Pacific, coast at 0.336±0.018 Ma, which are identical ages.
The Tiribí Tuff contains two ash-flow sheets. The lower sheet is exposed only in one quarry and in drill cores. It is separated from the upper sheet by a thin soil. Our study concentrates on the upper ash-flow sheet because it is well exposed and comprises the dominant volume of the Tiribí Tuff. At the base of the upper ash-flow sheet, there is a Plinian air-fall deposit, which is 0.5-3.0 m thick. The best exposures occur in several quarries, deep canyons, and in numerous boreholes. The total thickness of the upper ash-flow sheet reaches about 100 m (average of 30 m). The estimated volume and areal extent are 25 km 3 (DRE) and 820 km 2 , respectively. The flow is divided into four main facies, based on the amount of welding, lithic and juvenile clast contents, fabric, and the size and presence of columnar jointing. The chemical variation of the juvenile clasts (pumice and fiamme) is the same in all the facies, which indicates to us a syn-eruption and co-magmatic origin for all facies. Based on isopach maps and stratigraphic correlations, Perez (2000) suggested that the different facies within the Tiribí Tuff erupted as multiple pulses in a short time (few years to thousands of years) from a composite caldera located in the Barva andesitic shield volcano (2,097 m above sea level).
The first chemical analyses of samples from the Tiribi tuff apparently were done by Schaufelberger and referred to in Dengo and Chaverri (1951) .These analyses were limited to 21 samples (pumice samples in the tuff and the pumice-fall samples), which were dispersed over a large area. Previous workers (Williams 1952; Kussmaul and Sprechmann 1982; Tournon 1984; Kussmaul 1988; Appel 1990 ) described the general petrography, welding characteristics, color, and general geochemical trends (high-K andesites transitional to shoshonitic dacites) and compared these samples with those of the modern Costa Rican volcanoes. Our study includes 87 samples, which are glassy pumice samples from the ash-flow tuff. Samples are mostly from quarries and less commonly from road cuts.
Methods
Pumice clasts were sampled to represent the variation present within the dominant, upper ash-flow sheet of the Tiribí Tuff. Samples are glassy pumice clasts except for three samples of tuff. Three types of whole-rock chemical analyses were conducted: X-ray fluorescence (XRF), laser ablation inductively coupled plasma mass spectrometer analyses (LA-ICP-MS), and instrumental neutron activation (INAA). Major element and selected trace element concentrations were determined by XRF (Rigaku SMAX) for all samples. Trace element (including the rare earth elements) concentrations were also determined for selected samples by LA-ICP-MS (Cetac LSX-200 and Micromass Platform ICP-MS) and INAA. The two methods used for trace element analyses were compared by analyzing five samples by both INAA (University of Oregon) and LA-ICP-MS (Michigan State University) methods (Fig. 3) . Nd and Sr isotopic analyses were made on four and ten samples, respectively, at Rutgers University.
Chemical analyses of phenocrysts were done by electron microprobe and LA-ICP-MS methods. The major element compositions of phenocrysts and glass matrix were determined by electron microprobe analyses (EMPA) at Indiana University. Trace elements (Ba, Sr, and Ca) of plagioclase phenocrysts and glass matrix were determined by LA-ICP-MS.
For whole-rock chemical analyses, samples were ground either with a ceramic flat plate grinder or in a SPEX shatterbox with ceramic disk and puck, after passing them through a chipmunk. Two different techniques were used for preparation of glass disks: a high dilution fusion (HDF) and a low dilution fusion (LDF). The LDF glass disks were used for LA-ICP-MS. Glass disks were made by mixing the finely ground rock powder with lithium tetraborate as a flux and ammonium nitrate as an oxidizer. The proportion for HDF was 1 g rock, 9 g lithium tetraborate, and 0.25 g ammonium nitrate; for LDF these proportions were 3:9:0.50, respectively. These materials were mixed, fused at 1,000°C in a platinum crucible in an oxidizing flame for at least 30 min, and then poured into platinum molds. The glass disks were analyzed by XRF and LA-ICP-MS.
XRF major element analyses were reduced by the fundamental parameter data reduction method (Criss 1980 ) using XRFWIN software (Omni Instruments). XRF trace element analyses were reduced by standard linear regression techniques. For LA-ICP-MS results, strontium was used as the internal standard (strontium concentration was determined by XRF on the same glass disks). Prior to calculation, the background signal was subtracted from standards and samples. The concentrations of the trace elements in the samples were calculated based on linear regression techniques using the BHVO-1, W-2, JB-2, JA-3, and BIR-1 standards. A comparison of INAA and LA-ICP-MS analyses of the same samples is shown in Fig. 3 .
The glassy pumice clasts are secondarily hydrated, so the major elements are reported normalized to 100% anhydrous in the discussion and figures (data presented in Tables 1 and 2 are not normalized). Total Fe is reported as Fe 2 O 3 .
Petrography and phenocryst chemistry

Low-silica group
The low-silica group consists mainly of black and gray pumice clasts that are basaltic andesites. Crystal content varies in the low-silica group from crystal-rich (33% crystals) for samples with relatively low silica (about 56 wt% SiO 2 ), to crystal-poor (3% crystals) for samples with higher silica (about 62 wt% SiO 2 ; see below for discussion of chemical variation). The crystal-rich pumice contains 67% glass, 28% plagioclase (An 74-78 ), 4% clinopyroxene (Wo 44 En 47 Fs 9 ), and less than 1% olivine (Fo 70-73 ), with trace amounts of Fe-Ti oxides (magnetite and ilmenite), apatite, and rare amphibole. The crystalpoor pumice contains 97% glass, 2% plagioclase (An 35-58 ), and 1% clinopyroxene (Wo 44 En 47 Fs 9 ), with trace amounts of Fe-Ti oxides, apatite and rare amphibole. One xenocryst of plagioclase (An 96 ) was observed in the crystal-rich pumice. In the low-silica group, phenocrysts occur as isolated crystals and not as glomerophyric clots.
There are a variety of petrographic textures in the low-silica group. Plagioclase crystals range from euhedral crystals to anhedral crystals with highly irregular, cuspate boundaries. Many plagioclase phenocrysts have abundant melt inclusions, up to at least 50% glass inclusions, whereas other plagioclase phenocrysts have few or no melt inclusions. Pyroxene and olivine phenocrysts are euhedral. Olivine phenocrysts are often altered to iddingsite. Rare phenocrysts of amphibole are present. Vesicles within the glass of the low-silica group pumice clasts are well rounded.
Silicic group
The silicic group consists dominantly of light-colored (white or tan) pumice clasts that are crystal-poor dacites. They range in composition from 66.2 to 69.2 wt% SiO 2 (see below). Most samples are nearly aphyric, with 0-2% crystals by volume. In contrast to the low-silica group, phenocrysts occur as glomerophyric clots of plagioclase, clinopyroxene (Wo [42] [43] [44] [45] [46] [47] En [45] [46] [47] Banded pumice clasts are transitional in composition between the low-silica and silicic groups (see below and Figs. 4, 5, and 6). Phenocrysts within the banded pumice are the same as those in the low-silica and silicic pumices. The banded pumice clasts are interpreted to be the result of mingling between the silicic and low-silica magmas. The proportion of light and dark bands reflects the whole-pumice composition; the greater the proportion of lighter bands, the higher the silica content (see below). Viscosity contrasts between the low-silica and silicic magmas most likely prevented mixing (Kouchi and Sunagawa 1983) . Textural evidence for magma mingling includes flow banding of brown and white glass, reaction rims, and broken, rotated phenocrysts. Vesicles are often stretched in both dark and light bands.
Geochemistry
Major elements
Major element abundances for representative pumice clasts are listed in Tables 1 and 2 . (A complete data set is available as electronic supplementary material at http://dx.doi.org/10.1007/s00445-001-0188-8). The pumice samples range from basaltic andesites and trachy-122 (Fig. 4) , falling in both the high-K and shoshonitic fields. Samples from the Tiribí Tuff fall into three compositional groups that, in general, correspond to the physical characteristics of pumice clasts (Fig. 4) . The first group, the low-silica group, has silica ranging from 55.1 to 65.6 wt% and generally consists of black and gray pumice clasts (dark). The second group, the silicic group, has silica ranging from 66.2 to 69.2 wt% and generally consists of white and tan pumice clasts (light). The third group, the mingled group, has a composition that is intermediate between the low-silica group and the silicic group (silica ranges from 58.6 to 67.7 wt%). The mingled group includes only banded pumice clasts where distinct light and dark glass has been recognized either in hand samples or thin sections. Using these three general groupings, major element oxide trends are shown in Figs. 4 and 5. Based on point counting estimates of pumice types from quarries throughout the Tiribí Tuff, there is no systematic distribution of pumice types in the upper ash-flow sheet (Perez 2000) .
There are many chemical differences between the silicic (white and tan pumice clasts) and the low-silica (black and gray pumice clasts) groups. First, samples from the low-silica group exhibit a large range in silica, from 55.1 to 65.6 wt% (Figs. 4 and 5) . In general, the major element oxides for the low-silica group have a linear relationship with silica. In contrast, samples from silicic group exhibit a small range in silica from 66.2 to 69.2 wt%. In the low-silica group, TiO 2 and MnO increase with increasing silica content, whereas in the silicic group, these oxides decrease with increasing silica content (Fig. 5) .
Trace elements
Trace element abundances for representative pumice clasts are listed in Tables 1 and 2 , and variations for some elements are illustrated in Fig. 6 . (A complete data set is available as electronic supplementary material at http://dx.doi.org/10.1007/s00445-001-0188-8). Most trace elements show a linear relationship with silica content. However, the middle rare earth elements (MREE) and heavy rare earth elements (HREE) do not (e.g., Sm and Yb in Fig. 6 ). Figure 7 depicts spider diagrams (normalized to primitive mantle concentrations) of Tiribí Tuff pumice clasts that represent the silicic group, low-silica group, and mingled group. The overall composition of Tiribí Tuff samples is consistent with magmas related to subduction Spider diagrams of representative pumice clasts from the low-silica, mingled, and silicic groups. Note that the silicic group has a much stronger depletion in P, and is enriched in the large ion lithophiles (Rb, Ba, K) in comparison to the low-silica group. Primitive mantle values from Sun and McDonough (1989) Fig. 8 Rare earth element plot for representative samples from the low-silica, silicic, and the mingled groups. The REE patterns for all samples within the Tiribí Tuff are very well constrained, with small degrees of variation. Chondrite values from Sun and McDonough (1989) zone environments: enrichment in the large ion lithophile (LIL) and depletion in the high field strength (HFS) elements (e.g., Arculus 1994). The rare earth element (REE) patterns for all groups show a steep enriched pattern for light REE (LREE) and MREE with a flat HREE pattern (Fig. 8) .
Laser ablation ICP-MS analyses of plagioclase phenocrysts and glass matrix for Ba/Sr and Sr/Ca ratios were made in order to evaluate the relationship between the low-silica and silicic groups (Fig. 9) . The mean Ba/Sr ratio in the glass matrix from the low-silica group is 3.3 (SD=0.25), whereas the mean Ba/Sr ratio in glass from the silicic group is 13.0 (SD=1.14). The plagioclase phenocrysts from the two groups also have different Ba/Sr ratios, even though the major element compositions of the phenocrysts overlap (An 34-60 ). The Ba/Sr ratio of cores and edges of plagioclase phenocrysts from the lowsilica group were compared with those from the silicic group. The Ba/Sr ratios for plagioclase phenocrysts in the silicic and low-silica pumice clasts are clearly different (Table 3, Fig. 9) , showing no overlap even though both cores and rims are included. For example, none of the plagioclase cores in the silicic pumice clasts have the Upper diagram is for glass from silicic and low-silica pumice samples. Lower diagram is for plagioclase grains from these pumice samples. Filled symbols are from the centers of plagioclase grains. Open symbols are from edges of plagioclase grains. Spot size of laser is about 25 µm. Note the distinct difference between the silicic and lowsilica samples and that there is no evidence of plagioclase from the low-silica samples in the silicic samples same composition as the plagioclase cores (or rims) from the low-silica pumice clasts. The mean of the Ba/Sr ratio of plagioclase from the low-silica group is 0.21 (SD=0.02), whereas the mean from the silicic group is 1.26 (SD=0.16). The fact that these data fall into two discrete populations (with no overlap) indicates to us that these phenocrysts originated from separate magma batches and that the silicic magma was not derived by the fractionation of the low-silica magma. The distinct ratios of the glasses (Fig. 9) 
Discussion
Origin of the low-silica group: crystal fractionation and magma chamber recharge Within the low-silica group, trends in major element variation are consistent with magma evolution via crystal fractionation of a magma body (e.g., Gill 1981); MgO, Fe 2 O 3 , Al 2 O 3 , and CaO abundances decrease systematically as SiO 2 content increases, and K 2 O and TiO 2 concentration increase (Figs. 4 and 5 ). The range of major and trace element compositions within the low-silica group can be modeled using batch fractional crystallization. These models were completed using multiple linear regression of major element oxides (Bryan et al. 1969; Wright and Doherty 1970; Table 4) . Once the amount of each crystallizing phase was determined from the regression analysis, we predicted trace element concentrations for the daughter using a compilation of partition coefficients reported in Rollinson (1993) .
For our models of crystal fractionation in the lowsilica group, we assumed sample 13-2, with 55.75 wt% SiO 2 and 2.42 wt% K 2 O (anhydrous values), to be the parental composition. Sample 13-2 is the most mafic sample for which we have microprobe data for the mineral phases. Table 4 lists modeling results for both major and trace elements, using steps A and B in Fig. 10A , where the sum of the squares of the residual ranges from (Fig. 10B, C) . While it is clear that fractional crystallization models can reproduce the chemical variation seen among lowsilica group samples, the petrographic data provide evidence that other processes have occurred. For example, the existence of a plagioclase xenocryst (An 96 ) and heterogeneous plagioclase textures (abundant melt inclusions, no melt inclusions, partially resorbed, euhedral, etc.) within the same pumice fragment indicate to us that the low-silica magma was intruded or recharged by more primitive magma. Therefore, we suggest that the low-silica magma is the result of a combination of processes. Mafic magma representing a partial melt of the mantle and typical of island arc systems, intrudes into shallow levels beneath central Costa Rica. As this magma undergoes fractional crystallization, it is periodically recharged with fresh mafic magma, ripping up cumulates and introducing xenoliths to the system. Other workers have observed anorthitic xenoliths at Volcan Arenal and Volcan Poás in Costa Rica (Cigolini et al. 1991; Sachs and Alvarado 1996; Cigolini 1998) and interpreted them to represent products of magma recharge with erosion of cumulates in shallow-level magma chambers. This model can explain both the overall chemical trends seen in the Tiribí pumice clasts, and also the disequilibrium textures in some plagioclase phenocrysts. The systematic decrease in phenocryst content with increasing silica content in the low-silica samples is also consistent with a crystallizing and evolving magma body.
Origin of the silicic group: partial melting The origin of silicic rocks within an island-arc environment has long been a controversy. In most island-arc settings, abundant silicic magmas are not common because of the absence of continental crust. In continental arcs, it is possible to assimilate or melt continental crust in order to achieve high proportions of silica in the melt. However, Costa Rica lacks a thick continental crust and this is not a plausible mechanism for producing the abundant silicic rocks that occur in that arc. There are two generally accepted models to explain the existence of silicic magmas in calc-alkaline island arcs. The first is fractional crystallization of basalt or basaltic andesite melts (Sisson and Grove 1993; Feely and Davidson 1994; Brophy et al. 1999 ). The second is partial melting of previously emplaced arc-related igneous rocks (Beard and Lofgren 1991; Roberts and Clemens 1993) .
Previous studies have proposed a combination of convection-driven crystal fractionation, solidification fronts, and liquid segregation processes to explain the generation of silicic magmas from low-silica magmas (e.g., Marsh 1984; Brophy et al. 1999) . In basaltic magma bodies, convection prevents large-scale crystal settling, which can drive magma chamber differentiation (Marsh 1984) . Therefore, processes other than crystal settling have been proposed for magma differentiation. Brophy et al. (1999) proposed the following model. As fractional crystallization occurs, a solidification front descends downward into the magma body. At roughly 50% crystallization of a basaltic magma, convection above the solidification ceases, although convection still occurs below the solidification front. Above the solidification front, the crystal-liquid mush becomes rigid and can be fractured. If these fractures occur, they can drain evolved interstitial liquids out from the mush, which then migrate upwards by buoyancy-driven liquid/crystal segregation (Brophy et al. 1999 ). These evolved liquids represent a higher silica magma that is related to lower silica magma by fractional crystallization. These evolved liquids can accumulate in a magma chamber, which can be further fractionated by a similar process.
One of the problems of using fractional crystallization models to explain the origin of silicic magmas is the large amount of fractionation required to attain silicic compositions. The silicic magma of the Tiribí Tuff would require over 55% crystallization of plagioclase to evolve by fractional crystallization from the most mafic sample (13-2) to one of the most silicic samples (1-7). This fractionation would be dominated by plagioclase and would produce a significant increase in the Eu anomaly. If this process produced the magmas of the silicic group, they should have larger Eu anomalies than the presumed parental magmas of the low-silica group. However, for the Tiribí Tuff, this is not the case (Fig. 11A ). Other rhyolites, in both continental and island arcs, have Eu anomalies that are pronounced, indicating large degrees of plagioclase fractionation (Brophy et al. 1999) . In a plot of Eu/Eu* vs. SiO 2 (Fig. 11A) , the distribution of the silicic and low-silica samples cannot be easily explained by fractional crystallization. If the silicic magmas were fractionating from low-silica magma, one would expect the linear trend of the low-silica group to continue into the silicic group without a break. Instead, the Eu/Eu* for the least silicic sample of the silicic group is higher (0.83) than the most silicic sample of the low-silica group (0.71; Fig. 11A ).
The Ba/Sr and Sr/Ca ratios for plagioclase phenocrysts from the low-silica and silicic groups also can be used to argue against crystal fractionation. If fractionation of the low-silica magma were responsible for the origin of the silicic magma, one would expect that some plagioclase phenocrysts from the low-silica magma might be preserved as cores in the silicic magma. This is not the case (Table 3 , Fig. 9 ). For these reasons, we re-ject crystal fractionation as a major process in generating the silicic group magmas.
An alternative origin for the silicic magma is partial melting of a crustal source. Sr and Nd isotopes are commonly used to determine the source of magmas. However, if Sr and Nd isotopes are similar among different magma types, they could reflect either partial melting of the same source or partial melting of different sources that have similar ages. In the Tiribí Tuff, Sr and Nd isotopic ratios for both the silicic and low-silica magma batches are very similar. We interpret this to indicate that the low-silica and silicic group magmas originate from sources of similar ages. The isotopic data are not consistent with the partial melting of older oceanic crust for the origin of the silicic magma. However, the isotopic data are consistent with partial melting of younger, arc-related rocks. A further test for the petrogenesis of the silicic group is to evaluate Rb/Hf ratios. Crustal melts generally have higher Rb/Hf ratios than mantle melts. In Fig. 11B , the Rb/Hf ratios for the low-silica samples ranges from 11 to 13, whereas the Rb/Hf ratios for the silicic group ranges from ~14.5 to 17. These ratios are consistent with the low-silica group, which represents mantle melts, and the silicic group, which represents melts derived from the lower crust (Geist et al. 1998; Price et al. 1999) .
Incompatible trace element ratios can be used to monitor processes in magma bodies. If the variation in magma composition is caused by fractional crystallization, then the incompatible trace element ratio should show a regular variation with crystallization index. We have shown above that Rb/Hf ratios show two distinct groups among Tiribí samples. Similarly, Ba/Rb ratios are distinct for the low-silica and silicic magmas (Fig. 12A) . In addition, the cumulative frequency distribution for the low-silica and silicic magmas occurs on two distinct trends, with the mingled samples occurring on an intermediate trend (Fig. 12B) . A normal probability plot for Ba/Rb ratios for the three types of samples (Fig. 12C) shows that each sample set defines a linear distribution with different slopes. This indicates different processes for each sample set. Eu anomalies can be evaluated by calculating Eu* (Eu* can be calculated from the two linear equations log 10 (Sm N ) =a*62+b and log 10 (Tb N )= a*65+b) Eu/Eu* is a measure of the Eu anomaly. Note that the Eu/Eu* of the low-silica group and the silicic group are very similar. This would not occur if fractional crystallization of plagioclase were an important control on magma differentiation. Lines represent a multiple linear regression for each group. The Rb/Hf variation between the two groups indicates a different source for the silicic group Fig. 12A -C Ba/Rb variation in glassy pumice from the Tiribí Tuff. A SiO 2 versus Ba/Rb. B Cumulative frequency distribution of Ba/Rb for the low-silica, silicic, and mingled pumice. Note how the distributions from the low-silica and silicic pumice samples fall on separate, unrelated curves. C Normal probability plot for the low-silica, silicic, and mingled pumice samples. Least squares linear distributions are shown for each pumice type with the 95% confidence limit (three outliers dropped). The r-values for the linear regression are shown A strong argument in favor of partial melting of different sources for the silicic and low-silica magmas is supported by concentrations of MREE within the silicic group. The LREE, such as La and Ce, behave incompatibly in both the low-silica and silicic groups (Fig. 6) . The MREE and HREE elements, from Sm through Yb, behave differently in the low-silica and silicic groups. For example, in the low-silica group, Sm and Yb behave as incompatible elements that increase with silica content (Fig. 6) . This is consistent with a magma that is undergoing fractional crystallization. However, these elements in the silicic group are depleted compared with the most silicic of the low-silica group samples, which indicates their behavior as compatible elements (Fig. 6) . These data support our conclusion that the silicic group is not related to the low-silica group by fractionation processes, and further supports our proposal that the silicic magma was derived from a crustal source. One could argue that amphibole fractionation is causing enrichment in LREE and depletion in MREE. However, amphibole is extremely rare or absent in most samples.
Two partial melting processes may be responsible for the origin of the silicic group. First, the silicic group may represent the partial melt of a young, subducted slab. This is unlikely because yttrium concentrations in the silicic group are greater than 15 ppm (Fig. 6 ) and the Sr/Y ratios are less than 50 (Fig. 13) , which are out of the range for adakitic rhyolites proposed to be slab melts (Defant and Drummond 1990) . Second, the silicic group may represent a partial melt where hornblende and/or clinopyroxene were residual phases. Both clinopyroxene and hornblende as residual phases in the source would deplete the melt in MREE relative to LREE and HREE, which is observed in the silicic group. We recognize that crystal fractionation (perhaps accompanied by interaction with crustal rocks) could have played a minor role in the evolution of silicic magma, but argue that partial melting of crustal material is the dominant process that produced the geochemical characteristics observed in the silicic group. Melting of mafic sources yields melts with potash contents that are lower than those observed in the silicic group (Beard and Lofgren 1991) . Melting of calcalkaline granitoids can produce magmas with potash content similar to the silicic group (Skjerlie and Johnston 1993; Patiño Douce 1997) , but these melts are more silicic than the silicic pumice clasts from the Tiribí Tuff (Smith et al. 1999 Magma mingling and mixing of low-silica and silicic magmas
The silicic and low-silica magmas erupted together to form the Tiribí Tuff. Textural evidence from banded pumice clasts indicates that there were two distinct magma batches that did not mix or equilibrate. Mingling of these magmas most likely occurred during evacuation of the magma chamber and resulted in banded pumice clasts.
The chemical variations within the mingled group are consistent with mixing. Mixing can be evaluated by using ratio-ratio plots of four separate elements: Sr, Y, Ti, and P (Fig. 13A) , and Y, Sm, Ti, and Ta (Fig. 13C) . If these ratios occur on a hyperbolic curve, a mixing process is supported (Fig. 13 A) . A further test of mixing is a plot of the ratio of the denominators of the original ratio (e.g., P/Y) against one of the original ratios (e.g., Sr/Y; Fig. 13B ). If the data for banded pumice clasts fall on a straight line, with the same two end members on the previous plot, then additional support for magma mixing or mingling is provided. These plots can also be used to test if the chemical variation of either the low or silicic magmas can be reproduced through homogeneous magma mixing. In similar plots (Fig. 13C, D) it is clear that, whereas the mingled pumice clasts fall on mixing lines between the two end members, the chemical variation within both the low-silica and the silicic group cannot be explained by magma mixing and that another process is necessary to explain the chemical variation within these groups. In addition, the trends of the MREE and HREE in the silicic group are also inconsistent with mixing within either the low-silica or the silicic groups. In A, all the banded samples define a hyperbola, which supports mingling of the silicic and low-silica end members to form these compositions. In B and D, mixing is further tested by plotting the ratio of the denominators of the original ratio (P/Y) against one of the original ratios (Sr/Y), and Y/Sm versus Ti/Sm. The tick marks on the hyperbola (in A) and line (in B) represent 20% intervals. In C and D, the low-silica samples and silicic samples show nearly horizontal, separate trends, which indicates a non-mixing origin for the chemical variation within the low-silica and silicic groups. The banded pumice samples occur between the two end-member groups, confirming their mingled origin
Conclusions
The Tiribí Tuff contains three distinct groups of pumice clasts (the low-silica, silicic, and mingled groups), each requiring a different origin. The origin of the low-silica magma is consistent with fractional crystallization along with some magma recharge. Mafic magma originated by partial melting of metasomatized mantle and subsequently fractionated in the lower to middle crust to form the low-silica magma. While this magma underwent fractional crystallization, it was recharged by mafic magmas, which ripped up cumulates and mixed them back into the convecting magma chamber.
The silicic magma cannot be produced by fractional crystallization of the low-silica group magma. Based on Eu anomalies, MREE and LREE trends relative to silica, phenocryst chemistry, and frequency distributions of incompatible trace element ratios, the silicic magma is interpreted to have an origin independent of the low-silica magma. Ratios such as Ba/Rb, Ba/La, and Rb/Hf in the low-silica and silicic samples are consistent with different sources for those magmas. Ba/Sr ratios for cores and rims of plagioclase phenocrysts occurring in the low-silica and silicic magmas indicates that plagioclase from the low-silica magmas do not occur within the silicic samples, which also argues against a relationship between the two groups via fractionation. This interpretation is not unique to the Tiribí Tuff. There is petrologic evidence (reviewed in Mills et al. 1997; Eichelberger et al. 2000 ) that many magma bodies may have had distinct compositional groups that cannot be related to each other by fractionation processes alone.
Partial melting of previously emplaced, intermediate calc-alkaline rocks can produce the chemical composition of the silicic group, although the data required to verify this hypothesis have not been completed (Patiño Douce 1999) . Because the Sr and Nd isotopes of the low-silica and silicic groups are similar, the ages of the sources for the two groups would have to be similar.
Our model is illustrated in a series of cartoons in Fig. 14. An episode of subduction zone magmatism resulted in intermediate calc-alkaline magmas, which ponded in or at the base of the thick Costa Rican crust. This was followed by passage and/or emplacement of new magma batches that heated the previously emplaced, still hot, calc-alkaline plutons, triggering partial melting that produced silicic magma. This silicic magma accumulated and migrated into the shallow crust, interacting with previously emplaced and evolving mafic magma(s). The emplacement of silicic magma into stored mafic magma resulted in the physical mixing of the magmas and eruption of the Tiribí Tuff. The cooler, silicic magma was emplaced in a crystallizing and hotter stored mafic body. Heating of the silicic magma by the hotter mafic magma prevented crystallization and resulted in nearly aphyric magma, whereas the more mafic magma was crystal rich. Both low-silica and silicic magmas were emplaced together; however, the silicic magma rose rapidly through the low-silica magma because of its negative buoyancy relative to the low-silica magma, retaining its integrity until it reached the fragmentation level (Eichelberger et al. 2000) . Mingling between low-silica magma and silicic magma occurred at the boundaries between these magma types during eruption. 
